Umstead TM, Freeman WM, Chinchilli VM, Phelps DS. Age-related changes in the expression and oxidation of bronchoalveolar lavage proteins in the rat. Am J Physiol Lung Cell Mol Physiol 296: L14-L29, 2009. First published October 17, 2008 doi:10.1152/ajplung.90366.2008The incidence and severity of many lung diseases change with age. Some diseases, such as pneumonia, occur with increased frequency in children and the elderly. Proteins obtained by bronchoalveolar lavage (BAL) serve as the first line of defense against inhaled toxins and pathogens. Age-related changes in BAL protein expression and oxidative modification were examined in juvenile (1 mo), young adult (2 mo), and aged (18 mo) F344 rats using two-dimensional difference gel electrophoresis (2D-DIGE), matrix-assisted laser desorption ionization-time of flight/time of flight (MALDI-ToF/ToF) tandem mass spectrometry, and carbonyl immunoblotting. Using 2D-DIGE, we detected 563 protein spots, and MALDI-ToF/ToF identified 204 spots comprising 31 proteins; 21 changed significantly (17 increases) between juvenile and young adult or aged rats, but for 12 of these proteins, levels had a biphasic pattern, and levels in aged rats were less than in young adults. Relative carbonylation was determined by comparison of immunostaining with total protein staining on each oxidized protein blot. We found that aged rats had significantly increased oxidation in 13 proteins compared with juvenile rats. Many of the proteins altered in expression or oxidation level had functions in host defense, redox regulation, and protein metabolism. We speculate that low levels of expression of host defense proteins in juvenile rats and decreases in levels of these proteins between young adult and aged rats may predispose these groups to pneumonia. In addition, we have shown age-related increases in protein oxidation that may compromise host defense function in aged rats.
AGE IS A MAJOR FACTOR in the incidence of various lung diseases, particularly in the young and the old. Lung diseases, including chronic conditions such as emphysema and pulmonary fibrosis and acute lung diseases such as pneumonia, currently affect more than 35 million people in the U.S. Many of these diseases occur with increased frequency and severity in the elderly. However, pneumonia is also a serious problem in young children, both in developing countries, where it can be the leading cause of childhood mortality (48) , and in developed countries, where morbidity is significant but mortality is low (16, 43) .
Age also plays a role in how both humans and laboratory animals respond to pollution and various other insults. Aged organisms have an increased inflammatory response to oxidants, pollutants, and other insults (14, 15, 27, 36, 40) and are far more likely to become infected. Indeed, in the U.S., influenza and pneumonia are the fifth leading cause of death in patients over the age of 65 (37) . Although it remains unclear why the elderly are more susceptible to pneumonia and other lung diseases, it is interesting to note that similar increases in susceptibility may follow exposure to ozone (21, 38, 59) or high levels of therapeutic oxygen (4) , strongly suggesting that oxidative processes may be involved.
Reactive oxygen and nitrogen species (RONS) play a very prominent role in lung biology and pathology. They come from a variety of exogenous sources, and endogenous RONS may be generated by mechanisms that macrophages and other immune cells in the lung use to initiate and regulate inflammation and disable invading pathogens. In some cases, RONS act in their original form, and in other cases, they undergo additional reactions to form new species, including highly reactive compounds such as peroxynitrite and 4-hydroxy-2-nonenal (4-HNE), a lipid peroxidation product. Organisms possess a variety of enzymatic and nonenzymatic mechanisms to neutralize RONS and their downstream mediators, but when these defense mechanisms are not sufficient to completely neutralize them, oxidative/nitrosative stress results and can be an important contributor to lung injury.
Quantifying oxidative/nitrosative stress is complicated because of the instability and short half-lives of many RONS. As a result, an indirect measure of these stresses is often made by measuring changes they have inflicted on various target molecules such as proteins or lipids. In many organs, aging is accompanied by increasing levels of oxidatively modified proteins (31, 44, 52) . These oxidative modifications may include carbonylation of various amino acids, tyrosine nitration, and oxidation of cysteine residues, among others. Because they are so susceptible to oxidation, thiol groups on cysteine residues can serve as oxidant or redox "sensors," affecting the activity of specific proteins and influencing some regulatory cascades. On the other hand, many of the irreversible oxidative changes, carbonylation in particular, appear to inactivate proteins or "tag" them for clearance or elimination (51) .
As mentioned above, protein oxidation is a complex process. It involves many different amino acids, a variety of mechanisms, and both reversible and irreversible changes. The most thoroughly characterized oxidative modification of proteins is carbonylation, although there are many other reversible and irreversible oxidative modifications that affect a variety of different amino acid residues (9) . Carbonylation may result from the direct action of RONS on proteins, but evidence also suggests that RONS may cause lipid oxidation, and advanced lipoxidation end products (ALE) such as 4-HNE may be a cause of carbonylation and an important mediator of oxidative changes. Carbonylation is typically irreversible and is thought to be relatively nonspecific, and as previously mentioned, the oxidized moieties may mark proteins for degradation (6, 8) . However, there are an increasing number of examples where carbonylation serves as a mechanism by which the degree of activity of a specific protein can be regulated without changing its actual levels (42) . In these roles, protein carbonylation is being implicated in the pathogenesis and progression of a variety of diseases (12, 47) .
Recent technological advances in the field of proteomics have made it possible to simultaneously analyze hundreds of proteins in biological samples. One of these techniques, twodimensional difference gel electrophoresis (2D-DIGE) (1, 18, 19) , coupled with matrix assisted laser desorption ionizationtime-of-flight/time-of-flight (MALDI-ToF/ToF) tandem mass spectrometry for protein identification has proved very useful in doing quantitative comparisons of protein expression. 2D-DIGE has enabled the development of other posttranslational modification-specific proteomic methods that allow proteomewide screens of protein modifications.
Several investigators have conducted preliminary proteomic surveys of human bronchoalveolar lavage (BAL) fluid in normal individuals (62) as well as in patients with several lung diseases (3, 7, 49, 49, 63) . Several studies also have examined the carbonylation of BAL proteins in various diseases (47, 53, 54) . However, no previous studies have examined changes in BAL protein expression or carbonylation with age. In this study, we have used 2D-DIGE to study changes in BAL protein expression in healthy rats at ages ranging from 1 to 18 mo. In addition, we also have used an electrophoretic experimental approach to examine changes in the carbonylation of specific BAL proteins in samples from the same cohort of rats using a method for quantifying amounts of a specific protein and the degree of carbonylation of that protein on the same blot.
MATERIALS AND METHODS

Animals.
Fischer 344 male rats used in the study were obtained from Charles River Laboratories (Wilmington, MA). One-(juvenile) and 2-mo-old (young adult) rats were used about 1 wk after arrival from the supplier. Eighteen-month-old (aged) rats were purchased at 2 mo of age and housed in cage racks kept in isolation cubicles in the animal facility at the Penn State College of Medicine until they reached 18 mo of age (n ϭ 4 for all age groups). All animals were allowed to feed ad libitum on a diet of normal rodent chow, and drinking water was freely available. Only healthy animals were used for the study, and any animals exhibiting signs of apparent pathology or disease at the time of death (especially within the aged group) were excluded. The study was approved by the Institutional Animal Care and Use Committee at the Penn State College of Medicine.
Collection of BAL fluid. BAL fluid was obtained by cannulating the trachea, ligating the cannula in place, and instilling 0.9% saline (Baxter Healthcare, Deerfield, IL) into the lungs at a volume equal to 80% of the lung vital capacity, which was calculated on the basis of body weight (65) . Three instillations of saline were done for each lavage, with each instillation consisting of a series of three washes. The BAL fluid was centrifuged (150 g, 5 min, 4°C), and the cell-free supernatant was divided into aliquots and frozen at Ϫ80°C.
Preparation of anti-human serum albumin Affibody molecule column.
The anti-human serum albumin (HSA) Affibody molecule column used for the depletion of serum albumin from BAL fluids was prepared following the manufacturer's instructions using the anti-HSA Affibody molecule (Affibody, Bromma, Sweden). It has been shown to bind rat serum albumin with high affinity. Briefly, 1 mg of anti-HSA Affibody molecule was dissolved in coupling buffer (50 mM Tris ⅐ HCl and 5 mM EDTA, pH 8.0), and the COOH-terminal cysteine was reduced with dithiothreitol (DTT; 20 mM final concentration) for 2 h at room temperature. After reduction, the anti-HSA Affibody molecule reducing buffer (50 mM Tris ⅐ HCl and 5 mM EDTA, pH 8.0, with 20 mM DTT) was exchanged to coupling buffer with the use of a PD-10 column (GE Healthcare, Piscataway, NJ), and the molecule was added to 1 ml of packed matrix of SulfoLink coupling gel (Pierce Biotechnology, Rockford, IL; equilibrated with coupling buffer) and mixed with end-over-end rotation for 2 h at room temperature. Nonspecific binding sites were blocked with 50 mM L-cysteine in coupling buffer for 1 h at room temperature. The column was then washed with 1 M NaCl, followed by three sequential washes with running buffer (25 mM Tris ⅐ HCl, 1 mM EDTA, 200 mM NaCl, and 0.05% Tween 20, pH 8.0) and elution buffer (0.5 M acetic acid, 1 M urea, and 100 mM NaCl, pH 2.8), and then washed and stored in storage buffer (PBS containing 0.02% sodium azide) at 4°C. Anti-HSA Affibody molecule columns prepared at Affibody using this method have proved to be highly stable, allowing the column to be reused more than 300 times without loss of binding capacity.
Depletion of serum albumin from BAL fluid. Total protein determinations were done on BAL fluids using the Micro BCA (bicinchoninic acid) protein assay reagent kit (Pierce Biotechnology), and 300 g of each sample were brought up to 4 ml with the addition of 0.9% saline. One milliliter of 5ϫ running buffer was then added to each of the 4-ml samples to bring the protein concentration to 60 g/ml and the running buffer concentration to 25 mM Tris ⅐ HCl, 1 mM EDTA, 200 mM NaCl, and 0.05% Tween 20 (pH 8.0). Samples were filtered through 0.2-m low-protein-binding Acrodisc syringe filters (Pall Life Sciences, Ann Arbor, MI) before being loaded on the column. Chromatography was done using gravity flow at room temperature. The column was first equilibrated with 12 column volumes of running buffer (25 mM Tris ⅐ HCl, 1 mM EDTA, 200 mM NaCl, and 0.05% Tween 20, pH 8.0) and 1.25 ml of BAL (one-fourth of the sample) allowed to flow into the column. The bottom of the column was then capped, and the sample was allowed to bind for 10 min. After binding, the column was washed with 2.5 ml of running buffer and the flow-through (unbound fraction) was collected and saved at 4°C for 2D-DIGE experiments. The bound fraction (serum albumin) was next eluted with 6 column volumes of elution buffer (0.5 M acetic acid, 1 M urea, and 100 mM NaCl, pH 2.8) and also saved at 4°C to confirm depletion. The column was then reequilibrated, and the remainder of the sample was run through the column (1.25 ml/run) following the same procedure for a total of four runs, pooling the unbound fractions for each individual sample for a total of 10 ml of unbound (depleted) fraction per sample.
Trichloroacetic acid-acetone precipitation of proteins from depleted BAL fluid. One volume of ice-cold 100% trichloroacetic acid (TCA; 2.5 ml) was added to four volumes (10 ml) of the depleted BAL fluid fraction pool for each individual sample and then mixed and incubated for 2 h at 4°C. Samples were then centrifuged (15,000 g, 15 min, 4°C), and the protein pellets were washed with 250 l of chilled acetone, centrifuged again, and resuspended in 25 l of standard cell lysis buffer (30 mM Tris ⅐ HCl, 2 M thiourea, 7 M urea, and 4% CHAPS, pH 8.5). Protein determinations were done using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA), and the protein concentration for each sample was adjusted to 3 g/l with standard cell lysis buffer for minimal labeling with CyDye DIGE Fluors (GE Healthcare).
Minimal labeling of BAL fluid proteins with CyDye DIGE Fluors
for 2D-DIGE. Aliquots (50 g) of each BAL fluid sample were labeled with 400 pmol of either Cy3 or Cy5 following the manufacturer's protocol (GE Healthcare). A normalization/preparative pool consisting of 550 g of protein was created by combining equal amounts (45.83 g) of protein from every sample (12 samples), and an aliquot (300 g) from this pool was labeled with Cy2 (400 pmol per 50 g of protein). Samples from each group were randomly assigned to either Cy3 or Cy5 labeling (2 with Cy3 and 2 with Cy5 for each group) to ensure no dye-based artifacts in quantitation. A 250-g aliquot from the normalization/preparative pool was also left unlabeled to be used for the preparative/picking gel for mass spectrometry identification of protein spots. For the preparative/picking gel, a single plate (with gasket) of the gel plate sandwich had reference markers placed on it and was treated with Bind-Silane solution [80% ethanol, 0.02% glacial acetic acid, and 0.001% Bind-Silane (GE Healthcare)] before the gel was poured. After the completion of electrophoresis, the plate that had not been treated with Bind-Silane was removed from the sandwich and the preparative/picking gel was fixed with 30% methanol-7.5% glacial acetic acid two times for 1 h and then stained overnight with Sypro Ruby (Invitrogen, Carlsbad, CA), followed by destaining with 10% methanol-7.5% glacial acetic acid two times for 1 h.
To obtain additional protein identifications, we ran a second preparative/picking gel at a later date (using the same gel conditions) that contained 400 g of protein from a depleted pool of normal adult rat BAL fluids. This gel was stained with Deep Purple total protein stain (GE Healthcare) following the manufacturer's recommendations for large and thick gels. Briefly, the plate that had not been treated with Bind-Silane was removed from the gel plate sandwich, and the gel was fixed overnight with 7.5% acetic acid-10% ethanol. After fixation, the gel was washed in a 35 mM sodium bicarbonate-300 mM sodium carbonate solution, pH 10.5 for 30 min, quickly rinsed with doubledistilled H2O (ddH2O), and stained in a 1:200 dilution of Deep Purple in ddH2O for 2 h. The gel was then destained with 7.5% acetic acid two times for 15 min.
Gel imaging and analysis. All two-dimensional gels were imaged using the Typhoon 9410 fluorescent imager (GE Healthcare) at a resolution of 100 m. Photomultiplier tube voltages were individually set for each of the three colored lasers to ensure maximum linear signals, and those voltages were then used for all gels in the experiment. The 2D-DIGE gels were imaged using three different emission filters [in nm: Cy2, 520 band pass (BP) 40; Cy3, 580 BP 30; and Cy5, 670 BP 30] , and the Sypro Ruby-and Deep Purple-stained preparative/picking gels were imaged using a separate filter (610-nm BP).
Gel images were imported into Progenesis SameSpots (v2.0; Nonlinear USA, Durham, NC) for analysis. All imported images went through a process of image quality assessment done by Progenesis SameSpots to ensure that they were in the correct format for analysis and that none of the images were saturated or had other problems that would make quantitation less accurate. The images were first automatically aligned using the automated alignment module. Subsequently, alignment vectors were manually placed on the images and the final gel alignments reviewed to ensure proper alignment for all images. The aligned images were then automatically analyzed using the 2D-DIGE analysis module for spot detection, background subtraction, normalization, and spot matching, and all spots were manually reviewed and validated to ensure proper detection and matching. Quantitation of normalized volumes for all spots was obtained by comparing the ratio of each Cy3 or Cy5 value to the values obtained from the normalization pool/Cy2 channel present on each gel. Statistical analysis was performed by the 2D-DIGE analysis module on the log-normalized volumes for all spots, with t-tests and one-way ANOVA used to confirm the level of significance between different age groups. Multivariate statistical analysis was also done using the Progenesis Stats module to perform principal components analysis (PCA), correlation analysis/hierarchical clustering, and power analysis of the data.
The Progenesis SameSpots software was used to analyze individual protein spots. After many of these spots were identified by mass spectrometry (see below), the individual spots/isoforms making up a given protein were added together and the totals analyzed using Microsoft Excel.
Protein identification by mass spectrometry. For protein identification, protein spots were picked from the preparative/picking gels using the Ettan Spot Picker (GE Healthcare). Spots selected for picking were determined on the basis of differential expression from the 2D-DIGE analysis, and many unchanged proteins also were picked for identification to create a map for the rat cell-free BAL proteome (after depletion of serum albumin). The spot picker head was calibrated using reference stickers placed on the preparative/ picking gel, and spots were picked and gel plugs placed into a bar-coded 96-well plate. All gel plugs were washed twice with 200 l of 200 mM ammonium bicarbonate-40% acetonitrile for 30 min at 37°C and dehydrated one time with 75% acetonitrile for 20 min, followed by air drying for 30 min at 30°C. The protein was then digested with 20 l of 0.02 g/ml trypsin (Trypsin Gold, mass spectrometry grade; Promega, Madison, WI) in 40 mM ammonium bicarbonate-9% acetonitrile overnight at 37°C. The trypsin solution on the gel plugs was then transferred to a separate 96-well extraction plate, and 25 l of ddH2O were added to each plug and incubated for 30 min. The ddH2O was also transferred to the 96-well plate containing the trypsin solution, and then 50 l of 50% acetonitrile-0.1% trifluoroacetic acid (TFA) were added to each plug and incubated for 30 min at 37°C. The acetonitrile-TFA solution from the plugs was then transferred to the 96-well plate containing the trypsin and ddH2O extract, and the solution was dried by Speed Vac (Vacufuge concentrator; Eppendorf, Hamburg, Germany). The extracted protein/peptides were resuspended in 10 l of 0.5% TFA and desalted and concentrated using C18 ZipTips (Millipore, Billerica, MA). ZipTips were wetted with 10 l of 100% acetonitrile and equilibrated with 10 l of 0.1% TFA, pH Ͻ 4. Samples were then drawn into ZipTips, and peptides were bound by aspirating for seven cycles. ZipTips were then washed twice with 10 l of 0.1% TFA, and the peptides were eluted with 2.5 l of 0.1% TFA-50% acetonitrile, which was spotted directly onto a 384-well MALDI plate (Opti-TOF 384-well insert; Applied Biosystems, Foster City, CA). After the spotted peptides had dried completely, 0.7 l of 2 mg/ml ACH-cinnamic acid in 60% acetonitrile-10 mM ammonium phosphate (monobasic) was spotted onto each well containing peptide. All 13 calibration wells on the MALDI plate were spotted with 0.5 l of 4700 calibrant (diluted 1:12 in Matrix A diluent) (Applied Biosystems), followed by 0.7 l of 2 mg/ml ACH-cinnamic acid solution. Autolytic trypsin peptides also were used to internally calibrate the spectra to an accuracy of 5 parts per million. Peptides were then analyzed by MALDI-TOF/TOF mass spectrometry using the 4800 MALDI ToF/ToF Proteomics Analyzer (Applied Biosystems) in the Mass Spectrometry Core at the Penn State University College of Medicine. GPS Explorer 3.6 software (Applied Biosystems) was used to submit the mass spectrometry (MS) and tandem mass spectrometry (MS/MS) data to the MASCOT search engine and the Swiss-Prot database (Release 52.4; May 1, 2007), and rat taxonomy was used for identification. MASCOT confidence interval scores of Ͼ95% were considered a positive protein identification.
Protein clustering and ontology. Multivariate statistical analysis of the proteomic data was done using Progenesis Stats (Nonlinear USA) to perform PCA, correlation analysis/hierarchical clustering, and power analysis of the data. Partial least-squares regression analysis was performed via SAS statistical software (SAS Institute, Cary, NC). Protein accession numbers for all of the proteins identified in the study were imported into PANTHER. Each protein was assigned a molecular function and a biological process, and proteins were classified into different groups for protein ontology using the PANTHER classification system (SRI International, Menlo Park, CA).
Detection of total and oxidized proteins by 2D-PAGE and Western blotting. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was done with the Immobiline DryStrip kit and Multiphor II electrophoresis unit (GE Healthcare). Immobiline DryStrips (11 cm, pH 3.0-10.0) were rehydrated with 8 M urea, 0.5% Triton X-100, 10 mM DTT, and 0.2% acetic acid. Aliquots (50 g) of each BAL sample (not depleted of albumin) were TCA-acetone precipitated as described above. Samples were then resuspended in 75 l of 2D-PAGE lysis buffer [9 M urea, 2% Triton X-100, 2% 2-mercaptoethanol, and 2% Pharmalyte, pH 3-10 (GE Healthcare)] plus 25 l of 2D-PAGE sample buffer (8 M urea, 0.5% Triton X-100, 2% 2-mercaptoethanol, 0.0025% bromphenol blue, and 2% Pharmalyte, pH 3-10). Samples were loaded onto DryStrips, and electrofocusing was done for 31,000 V ⅐ h. Strips were then removed and treated with 2,4-dinitrophenylhydrazine (DNPH) as described previously (46) with some modifications. Briefly, strips were rinsed with ddH2O and incubated in 10 mM DNPH-5% TCA for 20 min. Strips were then washed four times for 5 min with 0.5 M Tris base and 0.5 N HCl, (pH 6.8), equilibrated for 10 min with 0.5 M Tris base, 0.5 N HCl, and 16 mM DTT (pH 6.8), and equilibrated for an additional 10 min with 6 M urea, 0.05 M Tris base, 0.05 N HCl, 30% glycerol, 1% SDS, and 24 mM iodoacetamide (pH 6.8). After equilibration, strips were transferred to 12.5% horizontal SDS gels for electrophoresis. The SDS gels consisted of a 33-mm stacking gel containing 5% polyacrylamide (29.2% acrylamide, 0.8% bis-acrylamide), 0.125 M Tris, and 0.1% SDS (pH 6.8) and a 77-mm separating gel containing 12.5% polyacrylamide, 0.375 M Tris, and 0.1% SDS (pH 8.8).
After SDS-PAGE, the proteins were transferred to nitrocellulose membranes (0.45 m; Bio-Rad Laboratories) using the NovaBlot semidry electrophoretic transfer system (GE Healthcare) at 250 mA per gel for 90 min. The membranes were then stained with Deep Purple total protein stain (GE Healthcare) following the manufacturer's instructions for nitrocellulose membranes and imaged wet, pressed between two low-fluorescence glass plates, using the Typhoon imager (with a 610 BP filter) as described previously for the picking gel.
After imaging for total protein, detection of oxidized (carbonylated) proteins was done using the same membranes. Briefly, membranes were rinsed with PBS and blocked overnight with PBS and 1.0% bovine serum albumin (BSA). Membranes were then washed one time with PBS-0.5% Tween 20 and incubated with 2 g/ml Biotin-XX rabbit anti-dinitrophenyl-KLH IgG (Invitrogen) in 100 ml of PBS-1.0% BSA-0.05% Tween 20 for 2 h. After incubation, membranes were washed four times with PBS-0.5% Tween 20 for 10 min and incubated with 1 g/ml Cy5-labeled streptavidin (GE Healthcare) in 100 ml of PBS-1.0% BSA-0.05% Tween 20 for 1 h. Membranes were next washed four times with PBS-0.5% Tween 20 for 10 min, washed two times with PBS for 5 min, and imaged wet, pressed between two low-fluorescence glass plates, using the Typhoon imager and Cy5 filters as described above for the 2D-DIGE gels.
Deep Purple total protein-stained images and Cy5-stained oxidized protein images where then imported into Progenesis SameSpots for quality assessment, alignment, spot matching, and analysis. Oxidized protein volume data obtained in Progenesis SameSpots were normalized using the Deep Purple total protein volumes for each spot/ membrane, and significant changes in protein oxidation were determined by t-test. Spots from the images of the membranes were also matched back into the 2D-DIGE experiment to get identities for some of the proteins with significant changes in oxidation. This method is similar to a previously published method (29) , but several modifications have made to increase sensitivity. These include the replacement of Sypro Ruby with the more sensitive Deep Purple and the incorporation of a biotinylated second antibody and a Cy5-labeled streptavidin detection method that is several times more sensitive than detection with a Cy5-labeled secondary antibody alone (29) . Relative oxidation of each protein was determined by dividing the Cy5-OxyBlot volume by the Deep Purple volume for each protein. As with the 2D-DIGE data, values for multiple spots/isoforms of a given protein were added together, and the sum was used for subsequent analysis.
Detection of oxidized proteins by 1D-PAGE and Western blotting.
One-dimensional polyacrylamide gel electrophoresis (1D-PAGE) was done using the Multiphor II electrophoresis unit (GE Healthcare). Aliquots (100 l) of each BAL sample (not depleted of albumin) were TCA-acetone precipitated as described above. Samples were then resuspended in 15 l of sample buffer (10% glycerol, 0.0625 M Trizma base, 2.3% SDS, 5% 2-mercaptoethanol, and 0.05% bromphenol blue, pH 6.8), and 5 l of each sample were loaded per lane. Electrophoresis was performed on 12.5% SDS gels using the same gel system as described above for the 2D-PAGE second dimension. After electrophoresis, proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore) using the NovaBlot semidry electrophoretic transfer system (GE Healthcare) at 250 mA per gel for 90 min.
Oxidized proteins were detected using the method of Robinson et al. (23) with some modifications (45) . After transfer, the PVDF membrane was washed for 1 min with 100% methanol, 5 min in 0.02 M Tris (pH 7.5) with 20% methanol, and 5 min with 2 N hydrochloric acid (HCl) and then treated with 100 g of DNPH per ml of 2 N HCl for 5 min. The membrane was next washed three times with 2 N HCl, seven times with 100% methanol, and one time with 0.02 M Trisbuffered saline (TBS) (5 min per wash) and then blocked overnight in 5% milk in 0.02 M TBS-0.05% Tween 20. Immunodetection of oxidized proteins was performed using antibodies supplied with the OxyBlot protein oxidation detection kit (Chemicon International, Temecula, CA) as described previously (57) and using the rabbit anti-DNP and goat anti-rabbit IgG (horseradish peroxidase conjugated) antibodies at one-half the manufacturer's recommended concentrations. Detection was then done using enhanced chemiluminescence (ECL), the blots were exposed to XAR film (Eastman Kodak, Rochester, NY), and the band intensities of the films were quantified by laser densitometry. The sum of the contours for all of the bands for each lane was then used to express the total amount of oxidized protein per sample/BAL based on the original volume of BAL that was loaded per lane.
Detection of oxidized proteins by carbonyl ELISA. Methods for the carbonyl ELISA and the preparation and quantitation of the oxidized and reduced BSA standard stocks were performed as described pre-viously (64) with some modifications. Oxidized and reduced BSA standard stocks were prepared and quantified in advance, and aliquots were stored at Ϫ80°C. The carbonyl/BSA standards were prepared for ELISA by mixing dilutions of the oxidized and reduced BSA stocks to give a range of 10 to 0.0195 nmol carbonyl/mg protein (including a 0 nmol/mg standard and PBS blank) while keeping the BSA concentration constant at 4 mg/ml for all dilutions except the PBS blank. Fifteen microliters (60 g) of each standard dilution were then treated with 45 l of 10 mM DNPH in 6 M guanidine hydrochloride-0.5 M potassium phosphate buffer (pH 2.5) for 45 min. After treatment, 10 l (10 g) from each were diluted with 990 l of 0.5 M sodium carbonate-bicarbonate coating buffer (pH 9.6), and 100 l (1 g) were added per well in duplicate to an Immulon 2HB flat-bottom microtiter plate (Thermo Electron, Milford, MA).
BAL fluid samples of unknown carbonyl content were prepared at the same time as the carbonyl/BSA standards by precipitating 60-g aliquots of each unknown with TCA-acetone as described above. The pellets were then resuspended in 15 l of PBS and treated with 45 l of 10 mM DNPH for 45 min, and then 10 l (10 g) of each were diluted with 990 l of coating buffer, and 100 l (1 g) were added per well in duplicate exactly as done for the carbonyl/BSA standards.
After the addition of standards and unknowns, plates were coated overnight at 4°C. The plates were then washed four times with PBS and incubated with 0.8 g/ml Biotin-XX rabbit anti-dinitrophenyl-KLH IgG (Invitrogen) in PBS-0.1% Tween 20 with 100 l per well for 1 h at 37°C. Plates were again washed four times with PBS and incubated with 0.4 g/ml horseradish peroxidase-Streptavidin conjugate (Invitrogen) in PBS-0.1% Tween 20 with 100 l per well for 1 h at room temperature. After the final incubation, plates were washed four times with PBS and color developed using°-phenylenediamine hydrochloride as a substrate, then development was stopped with sulfuric acid and the optical density was measured at 490 nm. Assay Calculations (v3.0; a program developed in our laboratory) was used to calculate the carbonyl content (nmol carbonyl/mg protein) for each unknown from the standard curve.
RESULTS
Overview of age-related changes in BAL.
In the three age groups we chose to work with, we found progressive increases in both body weight and lung weight. Because lung volume is typically calculated from body weight (65), we assumed that lung volume increased proportionally, and the volume of saline used for BAL was increased similarly. The degree of recovery of fluid instilled into the lungs for BAL varied slightly but significantly, from 85.7% in juvenile rats to a peak of 92.2% in young adults, declining to 77.1% in the aged rats ( Table 1) . The protein content of the BAL also varied with values of 112, 80, and 85 g protein/ml, respectively, in juvenile, young adult, and aged rats. We found the number of total cells (ϫ10 6 ) in the recovered BAL to be significantly lower in the juvenile rats than in either the young adult or the aged rats (1.7, 2.8, and 2.5, respectively), although the percentage of cells that were macrophages was similar among groups with 92.8, 99.6, and 97.1% macrophages, respectively. These data, means, standard deviations, and t-test results are presented in Table 1 . To minimize the effects of these differences in percent recovery or protein content on our biochemical assays, we corrected protein values to reflect total amounts per rat, rather than milliliter of fluid or milligram of protein.
Overview of changes in protein expression. In the 2D-DIGE gels from juvenile, young adult, and aged rats, there were 563 protein spots that were matched in all gels. Of the 563 matched spots, we used MALDI-ToF/ToF to identify 204 spots with MASCOT confidence interval scores of Ͼ95%, constituting a total of 31 different proteins. These 31 proteins were responsible for 37.2% of the expressed proteins resolved by the gel system. We also have tentatively identified almost one-half of the remaining protein spots, although these will not be included until their identifications also attain the 95% confidence level. An image of the reference gel is shown ( Fig. 1) with identified proteins circled and numbered.
To try to gain some insight into the functional implications of the changes in protein expression and oxidation investigated in this study, we used the PANTHER database to gain information about the biological processes and molecular functions known to be affected by each of the identified proteins, and we supplemented this with conventional searches of the scientific literature. It should be noted that PANTHER may attribute multiple processes to a given protein. This information is summarized in Table 2 . Of particular interest is the fact that many of the proteins whose levels of expression change are categorized as being involved in the biological processes of "immunity and defense," "protein metabolism and modification," and "transport." The molecular functions attributed to these are similar with high representation in "immunity and defense," "oxidoreductase," "transfer/carrier protein," and "select regulatory molecule" categories. The molecular functions ( Fig. 2A ) and biological processes (Fig. 2B ) attributed to the identified proteins by the PANTHER database are shown in pie charts for all of the BAL proteins we have conclusively identified. Based on the PANTHER classifications and other information from the literature for proteins not classified by PANTHER, we combined a number of these categories that included 25 of the 31 identified proteins into three major functional groups: 1) Met, or proteins involved in protein metabolism and modification that consisted of proteases, antiproteases, chaperones, and other enzymes that could modify proteins such as bifunctional protein NCOAT, which has an O-linked N-acetylglucosaminyltransferase domain like that found in the chitinases (55); 2) Def, or proteins involved in functions related to immunity and defense against inhaled toxins and pathogens; and 3) Red, or proteins involved in redox regulation or oxidoreductase function, which included proteins potentially involved in neutralization of oxidized species such as malate dehydrogenase or peroxiredoxin-6 and a number of proteins that bind or transport substances potentially involved in oxidative reactions including albumin, ceruloplasmin, ferritin, hemopexin, and transferrin.
To visualize the relationship of the different animals on the basis of their BAL proteome profile, a cluster by condition was performed by PCA using all 563 of the matched protein spots (Fig. 3) . Principal components 1 and 2, which accounted respectively for 40.98 and 25.26% of the variance, were plotted, and the location of each of the 12 markers (4 per age group) represents the weighted average of the values of the first 2 principal components for all 563 proteins for that individual. The members of each age group were clustered tightly with no outliers and with a clear separation among age groups. Partial least-squares regression analysis takes PCA one step further by determining linear combinations of the predictors (protein spots) and linear combinations of the responses (age group) that explain the variation in both sets (PCA determines linear combinations that explain the variation in predictors only). The results of the partial least-squares regression analysis confirm the results of the PCA, i.e., a clear separation of the age groups.
Nearly two-thirds (range: 55.24 -69.45%) of the total protein spots were significantly changed as determined by t-test (P Ͻ 0.05) among age groups. However, the pattern of changes varied considerably in the different comparisons. When juvenile rats were compared with young adult rats, there were more than twice as many increases (38.9%) as decreases (16.2%). The opposite was seen when young adult rats were compared with aged rats, with decreases (30.6%) outnumbering increases (14.9%) more than 2:1. The comparison between juvenile and old rats yielded roughly equal numbers of increases (31.4%) and decreases (27%).
In an effort to focus our analysis to the changes that were potentially most important, we limited our analysis of significant changes to those that involved changes of at least 50%. When this was done, we found that there were 149 spots changed between juvenile and young adult rats, including 142 increases. Between juvenile and aged rats, there were 143 spots changed in expression level, with 126 being increases. When we compared young adult and old rats, there were 77 changes, 57 of which were increases.
Changes in specific protein expression. Our initial screening for differences in protein expression selected protein spots that were significantly different (t-test; P Ͻ 0.05) between two age groups and changed by at least 50%. However, most BAL proteins are secreted proteins with multiple isoforms, and in some cases these selection criteria were not met by all of the many protein spots or isoforms representing a specific protein. Tables 3 and 4 list all of the identified proteins resolved in the gel system. In Table 3 , the mean and standard deviation of the normalized volumes from each age group (n ϭ 4 rats/age group) are given. In cases where a protein is made up of multiple isoforms, the values given are the sum of all isoforms. Table 4 uses the normalized volumes from Table 3 to calculate the percent change in comparisons between groups. The highlighted values represent cases where at least one isoform underwent significant changes and met the 50% change threshold. Many of these proteins were included in our functional group classifications as having roles related to redox regulation (Red), host defense function (Def), and protein metabolism and modification (Met) as defined above (see Table 2 and Fig. 2, A  and B) , and this is indicated in Tables 3 and 4 . Significant changes between groups in values that represent the sum of all isoforms are indicated in both tables. Of particular interest on this list are ␤-actin, ferritin light chain, Plunc, and cationic trypsin III, all of which increased by at least 100% in aged rats when juvenile and aged rats were compared. In most cases, increases in these proteins (in addition to several others) also were seen when juvenile rats were compared with young adults, and smaller (or no) changes were seen when young adults were compared with aged rats.
In most cases, all of the isoforms making up a given protein exhibited the same trend (i.e., increasing or decreasing), although the degree of change often varied (not shown) Although not characterized in this study, there were some cases where various isoforms underwent different changes, indicating a shift between isoforms, possibly as a result of posttranslational modification, or selective increases or decreases in specific isoforms (not shown).
Overview of changes in protein carbonylation. As a rough estimate of protein oxidation, aliquots of BAL fluid were assayed with an ELISA for carbonyls ( Table 5 ). The carbonyl content of the juvenile rats was below that of young adult and aged rats. Carbonyl values were higher in the young adult rat BAL than in the aged rat BAL. Pairwise comparisons of the age groups by t-test demonstrated significant (P Ͻ 0.05) differences.
Specific protein oxidation also was assessed electrophoretically using two different methods. The values obtained by these and the carbonyl ELISA data are also shown in Table 5 . In the first method, 1-D gels were run, and carbonyl-containing proteins were identified by immunostaining for DNP and quantified by ECL. We also quantified carbonyl content on 2-D gels using the Cy5-OxyBlot method. As described in MATERIALS AND METHODS, this technique determines the relative contribution of each protein resolved on the 2-D gel to the total for all of the detectable proteins. With both methods, the totals of all carbonylated proteins were added together to obtain the values given in Table 5 . The two electrophoretic methods show similar trends in age-dependent increases in the amount of oxidized protein (Table 5 ). There was more oxidized protein in the young adults than in the juvenile rats, and a very large increase in the aged rats over that in the young adult rats. With the use of both methods, changes between juvenile and aged rats and between young adult and aged rats were significant, but a comparison of 1-D ECL values from juvenile to young adult failed to reach significance. The trend depicted by the ELISA data was different, with lower values found in aged rats than in young adults, although both were significantly higher than those obtained in juvenile rats. The reason for this is unclear but could potentially be due to differences in processing for the two methods or to the presence of carbonyl groups in young adult rats that are not resolved by the electrophoretic methods.
Specific protein oxidation. We developed the Deep PurpleCy5 OxyBlot method to quantitatively assess the oxidation of specific proteins. This method is similar to some published methods (10, 58) , but by quantitating both total protein staining and carbonylation on the same protein spots on a single blot, several potential sources of variation are eliminated. This Gel numbers (see Fig. 1 ), protein names, SwissProt accession numbers, and molecular function and biological process designations from the PANTHER database are listed. Functional group categories are broadly related to proteins involved in redox regulation (Red), those involved in host defense function (Def), and those involved in protein modification and metabolism (Met). Abbreviations for molecular functions: ANX, annexin; ARP, actin and actin-related protein; CART, carbohydrate transporter; COMP, complement component; CPI, cysteine protease inhibitor; DH, dehydrogenase; DIP, defense and immunity protein; EMG, extracellular matrix glycoprotein; ES, esterase; HSP, Hsp 70 family chaperone; IGRF, immunoglobulin receptor family member; MISC, miscellaneous; NMAB, nonmotor actin binding protein; OCH, other chaperones; OCY, other cytokine; ODIP, other defense and immunity protein; OSCB, other select calcium binding protein; OT, other transporter; OTCP, other transfer/carrier protein; OXI, oxidase; PER, peroxidase; RP, ribosomal protein; SP, serine protease; SPI, serine protease inhibitor; STOR, storage protein; SURF, surfactant; TCP, transfer/carrier protein. Abbreviations for biological processes: AFRR, antioxidation and free radical removal; BAMI, B-cell-and antibodymediated immunity; CATT, cation transport; CC, cell cycle; CK, cytokinesis; CMI, complement-mediated immunity; CPGM, coenzyme and prosthetic group metabolism; CS, cell structure; DTX, detoxification; EE, exocytosis and endocytosis; ID, immunity and defense; LFSM, lipid, fatty acid and steroid metabolism; LMS, ligand-mediated signaling; MISC, miscellaneous; MMI, macrophage-mediated immunity; OBCGE, other blood circulation and gas exchange activity; OCP, other coenzyme and prosthetic group metabolism; OHA, other homeostasis activities; OID, other immune and defense; OPTL, other protein targeting and localization; PB, protein biosynthesis; PCXA, protein complex assembly; PF, protein folding; PROT, proteolysis; RME, receptor-mediated endocytosis; SD, skeletal development; SR, stress response; ST, signal transduction; TAP, tricarboxylic acid pathway; TRAN, transport; UN, biological process unclassified; VCT, vitamin/cofactor transport. approach has been described previously (29) , but the modifications we have incorporated should markedly enhance its sensitivity. However, the Deep Purple stain was slightly less sensitive than the Cy dyes used for the 2D-DIGE studies, so fewer protein spots were detected. We were able to match 295 protein spots on all blots stained with Deep Purple or Cylabeled OxyBlots. The degree of oxidation was calculated by generating a ratio of the volume of the Cy5-immunostained protein to the corresponding volume of the Deep Purple (total protein)-stained spots. Of these 295 spots, when juvenile rats were compared with aged rats, 121 protein spots changed by Ͼ1.5-fold. Most of the changes (118) were increases in relative carbonyl content, with 16 spots undergoing statistically significant (P Ͻ 0.05) increases. A similar picture was seen when juvenile rats were compared with young adults. In this case, 103 spots changed by Ͼ1.5-fold, and 96 of these were increased, 34 significantly (P Ͻ 0.05). There were fewer differences between young adult and old rats, with only 38 spots changing by Ͼ1.5-fold and only 5 of these (3 increases and 2 decreases) achieving statistical significance (P Ͻ 0.05).
A representative gel using the Cy5-OxyBlot method is shown in Fig. 4 . In many cases the relative staining intensity for a given spot appears similar with both stains, but there are exceptions where labeling with one method or the other is disproportionate. For example, the larger circle indicates surfactant protein A (SP-A), a protein that is stained much more prominently by the Oxyblot staining than with Deep Purple, suggesting a high susceptibility to carbonylation. The small circle has been tentatively identified as CC10 by immunoblotting and is barely visible on the Oxyblot, suggesting that it is relatively resistant to carbonylation.
We used our data from the 2D-DIGE study to assign identities to the proteins resolved in the oxidation studies and were able to identify 108 spots. These identities were based on the electrophoretic characteristics of the proteins and the configuration of their isoforms. These spots included most (26 of 31) of the proteins identified in the 2D-DIGE study, although in many cases we were not able to detect as many isoforms for each protein as we had in the 2D-DIGE study, due in part to the lower sensitivity of Deep Purple compared with the Cy dyes. These proteins are circled and numbered on Fig. 4A using the Values are means Ϯ SD of the normalized volumes of all identified proteins for each age group (n ϭ 4 rats/age group). For proteins with multiple isoforms, the normalized volumes of all isoforms were added together. Comparisons between age groups that were statistically significant are indicated. *P Ͻ 0.05, juvenile vs. adult. †P Ͻ 0.05, juvenile vs. aged. ‡P Ͻ 0.05, adult vs. aged. same numbering scheme as in Fig. 1 . Note that the gel systems used in Figs. 1 and 4 were slightly different (see MATERIALS AND METHODS) and that the gel in Fig. 1 has been cropped slightly. In Table 6 we have included all of the identified proteins, together with the gel number from Fig. 1 and the functional group to which each belongs (Red, Def, Met). Normalized volumes were determined by dividing the value obtained from the DPN immunoblots by that obtained from the Deep Purplestained blot (n ϭ 3 rats/age group). Although the significance of individual spots (isoforms) was determined in our initial analysis, in Table 6 we have indicated the significance of changes in the whole protein (all identified isoforms). Table 7 lists the percent change for each age group comparison using the data from Table 6 . Most of the comparisons between juvenile and young adult rats and between juvenile and aged rats show increases in oxidation. In many of these cases, there are larger increases between juvenile and aged rats than between juvenile and young adult rats. The list of changes between young adult and aged rats shows smaller increases in oxidation and several decreases in the degree of oxidation.
In Fig. 5 , graphs are displayed that show relative changes in the levels of several proteins and the corresponding changes in the levels of oxidation of these proteins. For each of these six proteins, data are expressed as the percentage of juvenile values. There are examples where the expression of a given protein increases with age, decreases with age, or remains the same. (It should be noted that the values in Fig. 5 were obtained from Deep Purple-stained blots but that the relative Values are the percent change for each comparison obtained using the values from Table 3 . Proteins that have at least 1 isoform/protein spot that changed by at least 50% and was significantly different (P Ͻ 0.05) between age groups are in bold type. (*P Ͻ 0.05, comparisons of proteins (totals of all isoforms) between age groups that are statistically significant. Values are all means (SD). Cell-free BAL fluid was subjected to carbonyl determination by ELISA and by two electrophoretic methods. 1D ECL contour, the sum of densitometric scans of all protein bands on 1-dimensional immunoblots obtained using enhanced chemiluminescence (ECL) to detect DPN-derivatized proteins. 2D Cy5:DP contour, the values obtained by scanning fluorescent 2-dimensional gels in which DPN-derivatized proteins were localized with a Cy5-labeled anti-DPN antibody; the values of all spots were added and presented as means (SD). Tables 3 and  4 from the 2-D-DIGE study.) The degree of oxidation also follows different patterns, usually either remaining fairly constant or increasing. In the case of ferritin, for example, despite large increases in the level of expression in aged rats, the degree of carbonylation remained relatively constant. In the case of fetuin B or the polymeric Ig receptor, levels of expression decreased slightly, but the degree of oxidation increased. This pattern was particularly pronounced with SP-D, an important host defense protein, which had levels of expression in the aged rats that are only about one-half those in the juveniles but levels of oxidation that changed little. It is likely that these Values are means (SD) of the relative oxidation for all identified proteins (n ϭ 4 rats/age group) determined by dividing the Cy5-Oxyblot volume for each spot by the corresponding Deep Purple volume. Note that not all of the proteins detected in the difference gel electrophoresis (DIGE) studies (see Fig. 1 ) were identified using this method (26 of 31). For proteins with multiple isoforms, all isoforms have been added together. *P Ͻ 0.05, juvenile vs. adult. †P Ͻ 0.05, juvenile vs. aged. ‡ P Ͻ 0.05, adult vs. aged.
increased relative levels of protein carbonylation are associated with compromised function.
Finally, to assess whether protein oxidation was a nonspecific phenomenon or whether some proteins seemed to be preferentially oxidized or resistant to oxidation (as discussed for Fig. 4) , we compared the values we obtained for the percentage that each protein made up of the total of all proteins to the percentage it made up from the total of all oxidized proteins. These data are summarized in Table 8 . In many cases, the degree of oxidation was proportional to the amount of protein. However, there were several exceptions (indicated in bold type) where proteins made up two to three times more of the percent oxidized protein than total protein, suggesting increased susceptibility to oxidation. Notable among these is SP-A, which made up 3.4 -4.9% of BAL total protein but ϳ15% of the oxidized protein. There is also one case with the polymeric immunoglobulin receptor, where it made up ϳ2% of the oxidized protein but more than 3% of the total protein, suggesting that it is somewhat resistant to oxidation.
DISCUSSION
Age plays an important role in determining the incidence and severity of many lung diseases in both humans and laboratory animals, as well as in their response to oxidative stress and other insults (14, 15, 27, 36, 40) . Although many diseases show increased incidence with age, pneumonia is particularly interesting because its incidence is higher in young and in old individuals compared with young adults. Young subjects tend to have less severe disease and better outcomes than do the elderly in developed countries (16, 43) . However, childhood mortality due to pneumonia remains high in the developing world (48) . There is also increased pneumonia following various exposures that are likely to increase oxidative stress, such as exposure to ozone or oxygen (4, 21, 39, 59) . The central hypothesis of this study was that there are agerelated changes in BAL protein expression and age-related changes in the oxidation (carbonylation) of specific BAL proteins. We speculate that these changes are responsible for the differences in lung disease susceptibility and severity at different ages.
To test this hypothesis, we used electrophoretic approaches, including 2D-DIGE (32, 35) , a powerful discovery proteomic technique, and another electrophoretic technique (29) we have modified that permits the relative carbonyl content of specific proteins to be assessed in specific proteins. Using 2D-DIGE, we resolve 583 protein spots in all of our gels. Using MALDIToF/ToF, we were able to determine that 204 of these spots constituted 31 different proteins making up 37.2% of the expressed protein resolved by the gels. Among these, there were many proteins that were classified by the PANTHER database as being involved in the biological processes of immunity and defense, transport, and protein metabolism and modification. Several of the proteins (transferrin, ceruloplasmin, ferritin, and hemopexin), with roles in transport, bind metals or other compounds (iron, copper, heme) that are known to affect oxidative processes. Our analysis of carbonyl-containing proteins found that many of the proteins undergoing agerelated changes in levels of expression were also undergoing changes in their degree of oxidation.
This combined approach, assessing both levels of expression and degree of oxidation, identified changes in proteins involved in immunity and defense, in transport and redox bal- Values are the percent change in degree of oxidation for each comparison obtained using the values from Table 6 . Proteins that have at least 1 isoform/protein spot that changed by at least 50% and are significantly different (P Ͻ 0.05) between age groups are highlighted. *P Ͻ 0.05, comparisons of proteins (totals of all isoforms) between age groups that are statistically significant.
ance, and in maintenance of protease/antiprotease balance. The patterns these changes followed led us to propose the scenario that low levels of expression of these proteins and/or their modification and possible inactivation by oxidative stress result in age-dependent differences in the incidence and severity of some lung diseases.
BAL, like serum, contains large amounts of albumin, presumably resulting from the extravasation of serum proteins from the pulmonary circulation into the lung interstitium and alveolar spaces. To enhance our ability to detect less abundant BAL proteins in the 2D-DIGE studies, we elected to deplete albumin from our BAL samples, as has been done in studies of serum and cerebrospinal fluid proteins (20, 24, 33) . This allowed us to load higher amounts of lung-specific protein on the gels. The 2D-DIGE technique has not yet been applied to the study of normal rat BAL proteins or to the aging lung. When 2D-DIGE was used to examine changes in protein expression between juvenile rats and young adult rats, statistically significant increases in the young adults of 50% or more were found in at least one isoform of 13 of the identified proteins, and significant decreases of 50% in isoforms of 2 of the identified proteins were found. The proteins undergoing increases included heat shock cognate 71-kDa protein, protein Plunc, and SP-A. These proteins are involved in biological processes related to immunity and defense, and the relatively low levels found in the juvenile rats may make these animals more susceptible to infection. One could speculate that similarly low levels of these proteins in humans are the cause of increased pneumonia in children (16, 43) . Also of interest were increases in the young adults of several proteins that appear to play a role in the regulation of redox balance, several of which are proteins that transport metals that may participate in oxidative reactions. The former include malate dehydrogenase and peroxiredoxin-6, and the latter include ceruloplasmin, ferritin light chain, and hemopexin, which bind copper, iron, and heme, respectively, limiting their involvement in oxidative processes. Together, these observations suggest that young adult rats, in addition to being less susceptible to infection than juveniles, are more capable of limiting or neutralizing potential oxidative insults. Although the juvenile rats had lower levels of carbonylated proteins than the young adult rats in this study, we studied only normal healthy rats. Increased oxidative stress and protein carbonylation have been documented in children with chronic lung diseases (53), and we speculate that these parameters are aggravated by low levels of these proteins.
In the comparison between BAL protein expression in the aged rats with juvenile and young adult rats, a very different pattern emerged. Most of the proteins that showed increases in the young adults when we compared juvenile rats to young adults were also increased in the aged rats when juvenile and aged rats were compared. However, in many cases, levels of expression of changing proteins had a biphasic pattern where they were low in the juveniles, high in the young adults, and lower in the aged rats than in the young adults. It is not clear from the current study whether these changes between young adults and aged rats are the result of decreased expression or increased degradation. The decreases included several proteins involved in immunity and defense (SP-A, SP-D, protein Plunc) and several others with functions related to redox balance (ceruloplasmin, malate dehydrogenase, peroxiredoxin-6). It is also interesting to note that levels of several antiproteases (␣1-antitrypsin, serpin A3K, serpin A3L) were decreased and levels of cationic trypsin III were increased in aged rats compared with young adults. These changes are consistent with the physiological changes seen in aged organisms. These include a greater susceptibility to pneumonia (37) and a decreased ability to neutralize oxidative stress (13, 17, 27, 40) , potentially occurring as a consequence of increased protein breakdown. This relationship between increasing oxidative stress and protease/antiprotease imbalance is thought to be part of the normal aging process and is mirrored in the pathogenesis of emphysema, which to some degree resembles the normal aging process (56) . The demonstration in our study that some of these changes occur as part of normal aging is consistent with the accepted theories of emphysema pathogenesis and helps explain the age-related increase in the incidence of pulmonary diseases such as emphysema and pneumonia.
In addition to the studies of protein expression described above, we also examined differences in the oxidation of BAL proteins by carbonylation between age groups and confirmed an age-related increase in our study. Numerous reports have described increased oxidation with aging and have postulated a causal relationship between this increase and age-related pathologies (5, 41, 50, 56) . Increased oxidation of BAL proteins has been shown to occur in sarcoidosis, pulmonary fibrosis, and emphysema (28, 34, 47, 56) . Furthermore, using a newly improved multiplex immunoblotting approach, we showed that the increases in oxidation (carbonylation) were not random and that some proteins were preferentially oxidized. As stated earlier, this newly modified method combines DNPH derivatization, localization, and quantification of a biotinylated DNP antibody on 2-D blots with a Cy5-streptavidin reagent with total protein staining and quantification by Deep Purple on the same blot. It allows for more accurate relative quantification and eliminates potential sources of variation such as differences in gel loading, gel-to-gel differences, variability in transfer efficiency, and others. As has been reported by others (10, 22, 29, 58) , carbonylation did not appear to be a totally random process. There were some proteins that appeared to be preferentially carbonylated, such as SP-A, and others that seemed to be relatively resistant to carbonylation, such as the polymeric immunoglobulin receptor. Although carbonylation is the most commonly studied form of oxidative modification of proteins, there are many other reversible and irreversible types of oxidative modifications that affect protein function and a number of different amino acids, such as cysteines, methionines, and tyrosines, among others (2, 9) . Furthermore, as anticipated from numerous reports that oxidative modification of proteins increases with age, increases in the oxidation of the identified proteins were observed when juvenile rats were compared with either young adult or aged animals, with almost twice as many significant increases in the aged rats compared with the young adults. Age-related increases in protein oxidation included proteins involved in host defense and immunity, proteins that may be involved in preventing oxidative stress, and proteins that play a role in protease/antiprotease balance. Among these is transferrin, which is involved in the defense against oxidative stress and is produced in the lung (11) in addition to being a component of plasma. It also plays a role in host defense by inhibiting bacterial growth via iron sequestration. Most of the proteins undergoing significant increases in oxidation had decreases or very modest increases in levels of expression between young adults and aged rats. The susceptibility of some of these BAL proteins to oxidation has been reported previously in humans (53) . We speculate that the increased oxidation of these proteins results in functional deficits in the aged rats. Although this has been shown in many cases, it has not been shown for all of the specific proteins identified. We (57, 60, 61) , and others (30) have shown in other studies that oxidation of SP-A inhibits its function. Similarly, the function of some antiproteases, such as ␣1-antitrypsin, is inhibited by oxidation (26) . It also has been shown that oxidation of albumin inhibits its binding capacity (42) and promotes its degradation (25) .
In summary, this discovery proteomic approach to identify changes in protein levels and carbonylation in rats of different ages demonstrates that there are two complementary processes occurring that may be responsible for age-related differences in the susceptibility to and severity of various lung diseases. Relatively lower levels of expression of several proteins involved in host defense processes may account for the increased incidence of pneumonia in the very young and the very old. Higher levels of expression of these proteins in young adults may lessen this susceptibility. Another factor that may enhance the susceptibility of aged rats to various lung diseases is a decrease in the levels of expression of several proteins that may reduce oxidative stress. This is coupled with an apparent reduction in the aged rats of proteins that help maintain protease/antiprotease balance, potentially reducing the ability of the aged rats to neutralize the damage resulting from oxidative stress. An additional contributory, and possibly synergistic, factor in aged rats is an increase in the oxidative modification by carbonylation of specific proteins. This modification often interferes with protein activity and may enhance degradation. Our studies found increased carbonylation in many of the proteins whose levels of expression were reduced in aged rats, potentially increasing the impact of these reduced levels. As mentioned above, affected proteins were involved in processes related to host defense and immunity, regulation of oxidative stress, and maintenance of protease/antiprotease balance. We speculate that these changes play a role in the increased susceptibility of aged individuals to various pulmonary diseases.
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